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Leptin signals the repletion of fat stores, acting in the CNS to permit energy utilization by a host of autonomic
and neuroendocrine processes and to decrease feeding. While much recent research has focused on the
leptin-regulated circuitry of the hypothalamic arcuate nucleus (ARC), the majority of brain leptin receptor
(LepRb)-expressing neurons lie outside the ARC in other CNS regions known to modulate energy balance.
Each set of LepRb neurons throughout the brain presumably mediates unique aspects of leptin action,
and understanding the function for LepRb-expressing neurons throughout the brain represents a crucial
next step in the study of energy homeostasis.The Physiologic Response to Negative Energy Balance
The naturalist Marston Bates famously observed that if evolution
is a play, then ecology is the stage upon which it is performed
(Bates, 1960). Periodic inadequacy of food supplies likely repre-
sented an important component of this setting for mammalian
evolution, selecting for the abilities to store energy for later use
and to promote food seeking and conserve energy when food
and energy stores are limiting. Presumably as a result of such
selection, states of low or decreasing fat stores increase the
drive to feed and attenuate energy utilization on a variety of
endocrine and autonomic processes.
Although a variety of signals convey information regarding
energy stores and nutritional status, the adipocyte-derived
hormone leptin plays a central role in mediating the response
to energy sufficiency or deficit (Ahima et al., 2000). Circulating
leptin levels mirror body fat stores, and leptin deficiency not
only increases feeding, but (like fasting) decreases activity,
sympathetic tone, and thyroid function; causes hypothalamic
infertility; and impairs lactation (Elmquist et al., 1999; Ahima
et al., 2000; Farooqi et al., 1999; Oral et al., 2002; Chehab,
1997). Conversely, treatment with exogenous leptin during
caloric restriction or in the face of low body fat (e.g., anorexia
nervosa, lipodystrophy syndromes) attenuates hunger, defends
thyroid tone and cold tolerance, and supports reproductive func-
tion (Oral et al., 2002; Rosenbaum et al., 2002; Welt et al., 2004).
Leptin Acts via LepRb in the CNS
While alternative mRNA splicing produces multiple isoforms of
the leptin receptor (LepR), the long leptin receptor (LepRb)
form mediates physiologic leptin action (Chua et al., 1996; Lee
et al., 1996). Tissue-specific deletion and transgenic reconstitu-
tion experiments in rodents revealed the crucial role for CNS
LepRb for leptin effects on feeding and overall energy balance
(de Luca et al., 2005; Cohen et al., 2001).
Numerous populations of LepRb-expressing neurons exist in
the brain, and areas with particularly high LepRb expression
include several regions of the hypothalamus, midbrain, andbrainstem that play important roles in energy balance (Elmquist
et al., 1998b; Leshan et al., 2006). For instance, LepRb is ex-
pressed in the lateral hypothalamic area (LHA), and ablation of
the LHA attenuates food intake, suggesting an important role
in the promotion of feeding (Kelley et al., 2005; Elmquist et al.,
1999). Also, while the surgical transection of forebrain projec-
tions to the brainstem impairs many behaviors, these decere-
brate animals will consume food that is placed in their oral cavity
andwill modulate the amount of food that they ingest in response
to a variety of hormonal and gut-derived neural cues, suggesting
important roles for the hindbrain in the regulation of feeding (Grill,
2006).
Electrolytic lesions of structures in the medial basal hypothal-
amus (MBH), including the arcuate nucleus (ARC) and ventrome-
dial hypothalamic nucleus (VMH), result in hyperphagia and
obesity, suggesting roles for these nuclei in limiting feeding (Elm-
quist et al., 1999). The more circumscribed chemical lesions
produced by gold thioglucose (lateral ARC and VMH) and mono-
sodium glutamate (medial basal ARC) also produce dramatic
hyperphagia (Bergen et al., 1998). The restoration of LepRb
expression in the MBH of LepRb-null animals diminishes the
hyperphagia, obesity, and hyperglycemia of these animals,
consistent with an important role for MBH leptin action (Coppari
et al., 2005; Morton et al., 2003).
The ARC POMC/AgRP Circuit Mediates a Portion
of Leptin Action
While other brain regions have received less attention over the
past decade, the study of ARC neuropeptidergic systems has
become a major focus for energy balance research. At least
two distinct populations of ARC neurons express LepRb: a lep-
tin-activated set of neurons that expresses pro-opiomelanocor-
tin (POMC) and an opposing, leptin-inhibited population that
coexpresses neuropeptide Y (NPY) and agouti-related peptide
(AgRP) (Elmquist et al., 2005; Morton et al., 2006). Leptin action
on this ‘‘ARC POMC/AgRP circuit’’ attenuates feeding (Elmquist
et al., 2005; Morton et al., 2006). Interference with POMC actionCell Metabolism 9, February 4, 2009 ª2009 Elsevier Inc. 117
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nocortin 4 receptor [MC4R]) or ablation of POMC neurons
produces dramatic hyperphagia (albeit without many of the
neuroendocrine sequelae of leptin deficiency, such as infertility
and hypercortisolism) (Smart et al., 2006; Butler and Cone,
2002; Morton et al., 2006). Conversely, ablation of the AgRP/
NPY neuron dramatically diminishes feeding (Gropp et al.,
2005; Luquet et al., 2005). The ARC POMC/AgRP circuit thus
represents an important and well-understood circuit; it is also
genetically tractable (e.g., by transgenic manipulation) due to
the essentially ARC-restricted pattern of POMC and AgRP
expression within the CNS (van de Wall et al., 2008; Butler and
Cone, 2002; Elmquist et al., 2005; Kim et al., 2000).
Of course, not all of the actions of the ARCPOMC/AgRP circuit
are attributable to leptin: Indeed, not all POMC neurons express
functional LepRb (Munzberg et al., 2003). Furthermore, many
factors other than leptin, such as the gut peptide ghrelin (which
opposes leptin by activating AgRP/NPY neurons), also regulate
these neurons (Morton et al., 2006; Butler and Cone, 2002;
Chen et al., 2004; Tschop et al., 2006). Also, insulin-mediated
phosphatidylinositol 30-kinase signaling (PI3K, which is also
modulated by leptin) regulates the membrane potential of
POMC and AgRP neurons, and PI3K in these neurons contrib-
utes importantly to the modulation of energy balance and
glucose homeostasis (Niswender et al., 2004; Rother et al.,
2008; Hill et al., 2008b). Glucose sensing by POMC neurons
also contributes to the regulation of these neurons and to the
control of glucose homeostasis (Parton et al., 2007).
Leptin Action Outside the ARC POMC/AgRP Circuit
It is also clear that this POMC/AgRP circuit alone cannot account
for the majority of leptin action in vivo. For instance, the disrup-
tion of Lepr in POMC or AgRP and POMC neurons results in
modest obesity compared to that of Leprdb/db animals (Balthasar
et al., 2004; van deWall et al., 2008) and does not cause infertility
or hypercortisolism, as is observed in Leprdb/db animals. Since
ARC POMC and AgRP neurons account for only a portion of
the overall leptin effect, other LepRb-expressing neurons must
mediate crucial components of leptin action. Indeed, ARC
LepRb neurons together comprise a minority of the total CNS
LepRb neurons (Elmquist et al., 1998b; Leshan et al., 2006).
Given the pleiotrophic effects of leptin, it is unreasonable to
expect that a single neural circuit (such as the POMC/AgRP
circuit) or a single nucleus (like the ARC) could mediate all or
even the majority of leptin action. Each region and subregion
of the brain contains neurons with specific functional properties
that dictate the physiological outputs they control. For instance,
while the ARC operates together with other medial hypothalamic
and brainstem sites to regulate satiety (the perception of fullness
that terminates feeding) (Woods et al., 2000), the incentive
(hedonic or rewarding) value of food is largely encoded by the
ventral tegmental area (VTA) and striatum, which comprise the
core of the mesolimbic dopamine (DA) system (Figlewicz et al.,
2006; Kelley et al., 2005).
Leptin Regulation of the PVH
Although ARCneurons project to a number of other regions in the
hypothalamus, they densely innervate the paraventricular hypo-
thalamic nucleus (PVH), which regulates autonomic and neuro-118 Cell Metabolism 9, February 4, 2009 ª2009 Elsevier Inc.endocrine (e.g., thyroid, adrenal) function to modulate energy
expenditure, as well as contributing to satiety (Elmquist et al.,
2005; Butler and Cone, 2002). PVH-specific reactivation of the
MC4R (which mediates crucial responses to the ARC POMC
neurons) attenuates the hyperphagia of MC4R-null animals
(Balthasar et al., 2005). Other MC4R-expressing neurons must
contribute to the regulation of the autonomic nervous system,
however, since PVH reactivation of MC4R fails to normalize
autonomic control. Together with the known role for the PVH in
autonomic regulation, these findings also hint that melanocor-
tin-independent mechanisms likely contribute to the regulation
of autonomic function via the PVH. Indeed, inputs from non-
ARC areas that contain substantial populations of LepRb
neurons (e.g., the VMH and the dorsomedial hypothalamic
nucleus [DMH]) regulate the ARC and/or PVH, modifying the
output of the circuit (Thompson and Swanson, 2003; Elmquist
et al., 1998a). For instance, VMH neurons contribute excitatory
projections onto ARC POMC neurons, and the inhibitory/excit-
atory tone of these inputs varies with leptin levels and nutritional
status (Sternson et al., 2005; Pinto et al., 2004). In addition to
receiving copious projections from the ARC, the DMH densely
innervates the PVH (as well as several other regions of the hypo-
thalamus), and DMH lesions alter feeding (Thompson and Swan-
son, 2003; Zaretskaia et al., 2008; Elmquist et al., 1999).
The PVH and its surrounding circuitry present a reasonable (if
simplified) model of the integrated leptin-responsive neural
circuitry (Figure 1). Here, the VMH, DMH, and ARC function
together with the PVH as an interconnected circuit, with leptin
presumably acting via LepRb-expressing neurons in each region
to modulate PVH output. Indeed, direct leptin action on SF-
1-expressing VMH LepRb neurons contributes to the regulation
of energy balance (Dhillon et al., 2006; Bingham et al., 2008).
WhyShould LeptinAct via soManyDifferent Populations
of LepRb Neurons to Regulate PVH Output?
The central nervous system controls each aspect of energy
intake and expenditure in the context of overall homeostatic
need and external conditions (not just energy status); the reple-
tion of fat stores must therefore be integrated with other informa-
tion that reflects the requirement for the activity of a particular
system in order to respond appropriately to the aggregate condi-
tions. For instance, in addition to the permissive effect of leptin,
the PVH output to the sympathetic nervous system must take
into account temperature, cardiovascular status, stress, activity,
and so forth, and must then generate the appropriate tone via
specific branches of the autonomic nervous system. Hence, in
the face of low energy stores, core body temperature may be
allowed to decrease slightly to conserve energy, but a larger
decrease in core body temperature must still promote a robust
thermogenic response (while at the same time not altering
cardiovascular homeostasis).
Each set of LepRb neurons within this ARC/VMH/DMH /
PVH circuit presumably conveys specific information to the
PVH. In this model of leptin action, each set of LepRb neurons
(including those in the ARC) does not signal leptin levels alone,
but rather transmits a signal that conveys information relevant
to a specific set of inputs and outputs. For instance, the ARC
senses rapid changes in insulin, ghrelin, and circulating nutri-
ents, as well as leptin, to signal acute peripheral nutritional
Cell Metabolism
ReviewFigure 1. Proposed Model for the
Integrative Regulation of the ARC/ PVH
Circuit by Leptin
A simplified model ‘‘wiring’’ diagram of the medial
hypothalamic circuitry, as described in the text, is
shown superimposed upon an image of green
fluorescent protein (GFP)-containing LepRb
neurons (green) from sagittal sections of the
medial hypothalamus and brainstem of mice that
express GFP in LepRb neurons (Leshan et al.,
2006). Each set of LepRb neurons responds not
only to leptin but also to additional stimuli. Thus,
leptin acts at a number of points to enable the inte-
gration of signals of body energy status with other
physiologic variables that dictate the strength of
the final output signal. Note that while the PVH
contains many GFP-reactive projections, few
LepRb neurons reside in this output nucleus.
Physiologic inputs to each nucleus are shown in
yellow, and putative projections from LepRb-
containing neurons are denoted as green arrows.status. TheDMH, in contrast, is shielded from acute alterations in
peripheral nutritional status by the blood-brain barrier (BBB)
(Faouzi et al., 2007), but integrates (among other things) informa-
tion about body temperature (from the preoptic area [POA],
where another set of LepRb neurons lie) and stress, along with
leptin-encoded information about long-term energy status
(Thompson and Swanson, 2003). The VMH is rich in glucose-
sensing neurons, and the LepRb neurons in this nucleus may
also participate in the regulation of glucose homeostasis (Tong
et al., 2007; King, 2006). Thus, each set of LepRb neurons
encodes a distinct type of information, and the presence of
LepRb on these neurons allows the integration of information
regarding long-term energy stores into the aggregate signal
mediated by each population of neurons.
Unfortunately, the current lack of markers (and thus neuron-
specific Cre-expressing mice) for LepRb neurons in the DMH
and elsewhere limits the functional analysis of many components
of this integrated leptin-regulated circuit. In addition to the ARC
LepRb neurons, it will thus be important to define the neurotrans-
mitter content, neuronal targets, and physiologic function of
each set of LepRb neurons in the VMH, DMH, and ARC, as
well as to understand the stimuli and mechanisms that regulate
their activity and gene expression.
The Regulation of Brainstem Satiety Circuits
Satiety (the sensation of fullness that promotesmeal termination)
represents an important process by which leptin regulates
feeding (Woods et al., 2000). Brainstem neural circuits (including
the nucleus of the solitary tract [NTS]) encode a major compo-
nent of satiety (Morton et al., 2006; Grill, 2006). The brainstem
receives numerous inputs from gut peptides and the vagus
and can control meal size in the absence of descending projec-
tions (e.g., from the hypothalamus, including the PVH) (Grill,
2006). Leptin acts synergistically with the vagal actions of
anorexigenic gut peptides like GLP-1 and cholecystokinin
(CCK) to regulate the NTS and satiety (Huo et al., 2007; Morton
et al., 2005; Williams et al., 2006). While the NTS contains LepRb
neurons (Leshan et al., 2006; Elmquist et al., 1998b), it remains
unclear whether these hindbrain LepRb neurons (as opposed
to hypothalamic LepRb neurons that project directly or indirectlyto the hindbrain) represent the major contributors to the regula-
tion of hindbrain satiety circuits by leptin. Parsing this important
issue will be crucial to understanding the regulation of satiety by
leptin.
Leptin Regulation of the Mesolimbic DA System
The incentive value of palatable food can override satiety signals
to promote excess food ingestion (Figlewicz et al., 2006; Kelley
et al., 2005). The most obvious analogy is that while one may
be full after eating a meal, one often has dessert anyway,
because eating tasty foods is pleasurable. Leptin regulates the
incentive value of food (as well as of other addictive substances,
such as drugs of abuse), and some of the neural mechanisms by
which leptin may control food reward are beginning to be eluci-
dated as investigators probe the interaction of leptin with the
mesolimbic DA system (Carr, 2006; Fulton et al., 2006; Hommel
et al., 2006; Figlewicz et al., 2006). At its core, themesolimbic DA
system contains of a set of DA neurons in the VTA that project
forward to innervate the striatum (including the nucleus accum-
bens [NAc]), amygdala, and prefrontal cortex (PFC) (Figure 2).
This system mediates the reinforcing effects of drugs of abuse
as well as the incentive salience of food and other natural
rewards (Kelley et al., 2005; Nestler, 2005).
ARC LepRb neurons do not project to the VTA, but systemic
leptin administration modulates food reward and gene expres-
sion in the VTA (Figlewicz et al., 2006), suggesting a non-ARC
locus for the regulation of DA signaling by leptin. A number of
groups have reported the presence of LepRb-expressing VTA
DA neurons and have demonstrated the ability of leptin to modu-
late this system (Fulton et al., 2006; Hommel et al., 2006; Figle-
wicz et al., 2006). Direct application of leptin to the VTA slightly
inhibits VTADA neurons in normal animals, suggesting that leptin
might act directly on VTA LepRb neurons to block DA release
(Hommel et al., 2006). In contrast, leptin-deficient Lepob/ob
mice exhibit decreased DA and less VTA expression of the DA-
producing enzyme, tyrosine hydroxylase (TH), and systemic
leptin treatment restores TH and DA levels, suggesting that the
chronic absence of leptin impairs the mesolimbic DA system
(Fulton et al., 2006; Roseberry et al., 2007). Thus, leptin clearly
promulgates a powerful signal to this system.Cell Metabolism 9, February 4, 2009 ª2009 Elsevier Inc. 119
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Leptin May Modulate the Mesolimbic DA
System
Components of the mesolimbic DA system are
shown superimposed upon an image of GFP-
containing LepRb neurons, as in Figure 1. At its
core, this system contains a set of DA neurons
within the VTA that project to the striatum
(including the NAc, amygdala, and PFC) to encode
the incentive salience of natural and artificial
rewards. Leptin may modify the activity of the
mesolimbic DA system in a number of ways,
including by the direct regulation of a LepRb-
expressing population of VTA DA neruons. Addi-
tionally, leptin regulates the LHA, a major
upstream regulator of the mesolimbic DA system,
via a number of mechanisms. In addition to con-
taining a set of LepRb-expressing neurons, the
LHA contains OX neurons (pink) that project to
and regulate VTA DA neurons as well as MCH
neurons (light blue) that project to the striatum.
Putative projections from LepRb-containing
neurons are denoted as green arrows.Several types of neurons in the LHA also respond to leptin and
interact extensively with the mesolimbic DA system to regulate
motivation and reward, including food reward (Fulton et al.,
2000; Kelley et al., 2005; DiLeone et al., 2003). LHA orexin (OX)
neurons project to the VTA, and acute OX injection into the
VTA promotes drug and food seeking (DiLeone et al., 2003; Har-
ris et al., 2005). Leptin inhibits OX expression and the activity of
OX neurons (presumably indirectly, via LepRb neurons residing
elsewhere); this effect of leptin would presumably attenuate DA
release by VTA neurons to decrease feeding (DiLeone et al.,
2003; Harris et al., 2005). It is difficult to reconcile these data
with the finding of mesolimbic DA suppression in Lepob/ob
mice, however, since these animals display increased LHA OX
expression and would therefore presumably exhibit enhanced
mesolimbic DA signaling (Yamanaka et al., 2003).
Leptin also inhibits expression of the orexigenic LHA neuro-
peptide MCH (again, presumably indirectly), and may thus
inhibit the MCH neurons that project to the NAc and promote
feeding (Qu et al., 1996; Segal-Lieberman et al., 2003; Geor-
gescu et al., 2005). Furthermore, we have identified a distinct
population of LepRb-expressing neurons in the LHA that
project to the VTA to regulate the mesolimbic DA system
(M.G.M. and G.M.L., unpublished data). Thus, leptin acts via
multiple pathways to control the mesolimbic DA system and,
presumably, to modulate the incentive salience of food.
Furthermore, the bulk of these data suggest that the regulation
of the mesolimbic DA system by leptin is more complex than
the simple inhibition (or, conversely, stimulation) of overall DA
release. Rather, leptin appears to block DA signaling by
some components of the VTA while stimulating others. This
presumably reflects the diverse functions of the various
subpopulations of VTA DA neurons themselves, along with
the need for leptin to promote certain reward-directed behav-
iors (e.g., reproduction) while attenuating hedonic feeding.
Part of the confusion regarding the action of leptin on the mes-
olimbic DA system probably derives from the complex relation-
ship between DA release and behavior. While conventional
wisdom suggests that DA correlates with reward-seeking
behaviors, striatal DA release does not always promote
increased feeding: indeed, acutely increasing DA availability,120 Cell Metabolism 9, February 4, 2009 ª2009 Elsevier Inc.as by cocaine or amphetamine, blunts feeding while promoting
sexual behavior.
Going forward, it will be important to define the populations of
LepRb neurons that directly or indirectly regulate themesolimbic
DA system as well as the roles that each of these neural media-
tors of leptin action play in the regulation of distinct aspects of
mesolimbic DA system function and in energy balance.
Leptin Action in Reproduction
The energetic cost of reproduction is very high, especially for
females, who bear the nutritional burdens of fetal development
and lactation, and energy stores must be adequate for repro-
duction. Leptin communicates the sufficiency of energy stores
for reproduction by promoting the activity of gonadotropin-
releasing hormone (GnRH)-secreting neurons; these neurons in
turn stimulate the release of pituitary gonadotropins into
the circulation. GnRH neurons do not express LepRb, however,
indicating that leptin must act indirectly/trans-synaptically to
regulate GnRH secretion (Nagatani et al., 1998).
Kisspeptin-containing hypothalamic neurons have recently
emerged as crucial regulators of GnRH neurons and the hypo-
thalamic reproductive axis; indeed, the loss of kisspeptin action
results in hypothalamic infertility (Gottsch et al., 2006; Tena-
Sempere, 2006). One population of kisspeptin neurons express
LepRb (Smith et al., 2006), but the large population of kisspeptin
neurons that appears to be responsible for the ovulatory GnRH
surge in females does not overlap with the distribution of LepRb
neurons. Thus, while some potential regulation of kisspeptin
could be direct, other mechanisms would be indirect.
In order to fully reveal the mechanisms linking energy balance
to fertility, it will be important to define the populations of
LepRb neurons that directly or indirectly innervate the GnRH
and kisspeptin-containing neurons. The ventral premammilary
nucleus (PMv) in particular contains a large number of LepRb
neurons and densely innervates GnRH- and kisspeptin-contain-
ing brain regions (Canteras et al., 1992). Additionally, sexual cues
activate neurons in the PMv, and lesions of the PMv interfere with
the hypothalamic control of reproduction (Cavalcante et al.,
2006; Simerly, 1998; Hill et al., 2008a). Thus, while multiple
populations of LepRb neurons may modulate the reproductive
Cell Metabolism
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this process.
Other Substantial Populations of LepRb Neurons
in the Brain
In addition to the LepRb-expressing neurons noted above, other
brain regions contain substantial populations of LepRb neurons.
Included among these are the midbrain raphe nuclei, substantia
nigra (SN), and periaqueductal gray matter (PAG), as well as
other brainstem sites (Leshan et al., 2006; Elmquist et al.,
1998b). While the LepRb neurons in these regions remain
substantially uncharacterized in terms of phenotype and func-
tion, the expression of LepRb in each of these locations could
at leastmake teleological sense in the context of energy balance.
For instance, the SN controls the initiation of movement,
a process one would expect to be modulated by energy status.
As importantly, LepRb expression is not ubiquitous: few cortical
or hippocampal neurons express LepRb (Leshan et al., 2006;
Elmquist et al., 1998b). This restricted pattern of LepRb expres-
sion is consistent with the notion that leptin acts primarily at sites
that integrate information to modulate processes that impact
energy balance, as opposed to in higher cognitive centers or in
areas that directly effect physiologic outputs (e.g., motor
neurons).
The Neural Basis of Leptin Action
Overall, while the ARC POMC/AgRP circuit remains an important
site of leptin action, it is unreasonable to ascribe the majority of
leptin action to this single circuit. Other important sites of direct
leptin action in the brain have emerged, and many more require
additional study. Each population of LepRb-expressing neurons
presumably functions to integrate the leptin signal with other
inputs crucial to the regulation of specific physiologic processes
and thus contributes uniquely to the overall leptin signal. Devel-
oping a comprehensive understanding of leptin action will
require elucidating the neuronal phenotype, regulation, and
physiologic functions for each of the diverse LepRb-expressing
neural populations in the CNS.
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